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Abstract

A miniature Joule-Thomson (JT) cooler with a recuperative heat exchanger is studied, both theoretically and ex-
perimentally, for its steady-state behaviors down to 96 K. Two unique aspects of analysis are presented in this paper.
Firstly, the simulation employs a distributed approach (as opposed to a black-box) and it is performed with dynamic
updating of the thermo-physical properties of the working fluid when the governing differential equations are solved
simultaneously. Secondly, the conduction heat leak effects in the longitudinal direction of the exchanger are included
along with those from the ambient. The properties of Argon, expressed as a function of the local values of P and T, have
been found to compare well with data obtained from tables of TUPAC. Our experiments on the JT cooler indicate good
agreement with the predictions to within a relative error of +0.3% across a large span of Argon pressures. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The Joule-Thomson (JT) cooler is one of the most
effective methods of providing low-temperature cooling
of electronic components such as IR detectors, SQUID
and CMOS-IC chips. This is because of its special fea-
tures of short cool-down time, simple miniaturized di-
mensions and no moving parts. The cooling power is
generated by the isenthalpic expansion of a high-
pressure gas through a throttling (capillary) device or
simply known as the JT effect. The performance of the
JT cooler can be amplified by using the recuperative
effect of the expanded gas to pre-cool the incoming
stream within a counter-flow exchanger.

There has been a plethora of articles focusing on the
fabricating JT cooler using different structure and ma-
terials. The majority of miniature heat exchanger design
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follows either (i) the Hampson-type or (ii) the Linde-
type exchanger. The latter exchanger design is more
traditional and it is usually made from concentric or
solder-boned parallel tubes. The former design is widely
used both in conventional and miniature designs. The
high-pressure tube in the Hampson exchanger is finned
with copper ribbon and they are usually wound in a
helical annular space between two co-axial cylinders
[1,2]. Recent developments of JT cooler have been in the
realm of miniaturization of the heat exchanger using
photolithographic technique and others. It allows the
fabrication of planar exchanger or known commonly as
micro-miniature refrigerator (MMR). Such MMR
technologies can produce coolers up to 500 mW using
Argon at a low temperature of 90 K [3,4]. Another type
of JT cooler uses a heat exchanger made from sintered
metal powder. It operates with a cooling power of 1700
mW with only 10 MPa Argon [5-7].

Numerical studies on the JT cooler have also been
reported with special focus on the cool-down rates [8—
14]. Many of these theoretical analyses could have been
ignored with distributed modeling and their models are
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Nomenclature
A cross-sectional area of flow passage, m>
Co isobaric specific heat, J/(kg K)

C, isochoric specific heat, J/(kg K)
D,d diameter of tubes, m

dx grid length along x coordinate, m
f Fanning friction factor

G mass velocity, kg/(m? s)

h heat transfer coefficient, W/(m? K)
L length of the heat exchanger, m
k thermal conductivity, W/(m K)
i mass flow rate, kg/s

M, volumetric flow rate, SLPM

P pressure, Pa

)4 perimeter of heat transfer, m
Pr Prandtl number

R ideal gas constant, J/(kg K)

Re Reynolds number

T temperature, K

u gas average velocity, m/s

X axial coordinate, m

f{T,P} fas a function of T and P
Greek symbols

A thermal conductivity, W/(m K)

n dynamic viscosity, Pa s

a Stefan-Boltzmann constant
0 density, kg/m?

Subscripts

amb ambient (room temperature) condition
c cold fluid or low-pressure gas
ci capillary inside

co capillary outside

cr critical state

cu copper

H hydraulic

h hot fluid or high-pressure gas
hel helical

in inlet

m mandrel

mo mandrel outside

mn monel alloy

out outlet

pc polycarbonate

r radiation

] shield

si shield inside

S0 shield outside

ss stainless steel

w wall of finned capillary

seldom validated with measured data. Some analyses
ignored the presence of heat leak from the longitudinal
direction of the heat exchanger. It is our objective in this
paper to address both issues of distributed analysis and
experimental verification.

2. Theoretical model

A schematic of the Hampson-type counter-flow heat
exchanger is shown in Fig. 1. The characteristic size of
the JT cooler used in experiments is tabulated in Table 1.
Consider an element of the heat exchanger, the high-
pressure gas flows inside the coiled-capillary whilst the
low-pressure gas flows on the outside but in opposite
direction. The control volume to be modeled comprises
the two mentioned gas streams as well as the thermal
capacities of the coils, a mandrel and an external shield.
Heat conduction in the radial and the longitudinal di-
rections are also incorporated in the model where their
heat rates can affect the local properties of fluid. To
acquire more accurate results, the thermo-physical
properties of fluids are integrally solved with the gov-
erning system of differential equations. The equation
Jacobians with respect to temperature and pressure are
also simultaneously updated. The minimum ‘free-flow’

area approach [15] is used to determine the local Rey-
nolds number and convective heat transfer coefficients.
All characteristic dimensions are based on the hydraulic
diameter (Dy) concept. We will now describe the sets of
governing equations in the sections below.

2.1. Continuity equation

For one-dimensional steady-state flow, the mass flow
rate is governed by continuity equation

dm d(GA)
dx  dx
where m = pud = GA is a constant, G is the mass

velocity of fluid and volume flow rate is given
by M, = m/p.

=0, (1)

2.2. Momentum equation

Owing to the high pressure drop in the exchanger
(caused by high flow velocity in the helical capillary), the
friction factor (f), density (p) and the local average
velocity (u) are all dependent on the local 7T and P of
working fluid. From the Navier-Stokes equations, it can
be easily shown that pressure drop along the longitudi-
nal direction of the capillary is given by
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Fig. 1. Hampson-type JT cooler.

Table 1

The characteristic sizes of the JT cooler used in experiments
The inside diameter of the capillary, d; 0.3 mm
The outside diameter of the capillary, d;, 0.5 mm
The inside diameter of the mandrel, dy; 2.3 mm
The outside diameter of the mandrel, d,,, 2.5 mm
The inside diameter of the mandrel, d; 4.5 mm
The outside diameter of the shield, d;, 4.8 mm
The length of the recuperative heat 50 mm

exchanger, L

dp [ 2f{P,T} dp{P,T}/dP 1 )

2= o)/ B ) @
where dp{P, T'}/dP is given by the equation of state of
working gas, Argon. It is noted that the Fanning friction
factor expression for flow in a helical coil is given by
[16,22]

S{P, T} = 0.184(1 + 3.5Di/Dpet) /Re**{P, T}. (3)

2.3. Energy equations

Energy conservation for the control volume can be
derived separately for the following components of the
exchanger. (The symbols used have their usual mean-
ings, as outlined in the nomenclature.)

(1) High pressure gas side:

. dT;
inCpn{ P, Ti} 5 = hu{Po, Tolpa (T — Th). 4)
(i1) Low pressure fluid side:

1;
mccpc{Pm Tc}% = hc{Pm Tc}[pco(Tc - Tw)
+psi(7} - TS) +pmo(Tc - Tm)}~

)
(iii) Finned capillary:
d’r,
kW{TW}AWW = hh{Plu Th}pci(Tw - Th)
+hc{Pc7Z::}pco(Tw - T;:) (6)
(iv) Mandrel tube:
d’7,
km{Tm}AmW:hc{PmTc}pmo(Tm - Tc) (7)
(v) Shield tube:
d*T;
kb{Ts}AsW = hC{P01 Tu}pm(Ts - T;:)
+he{ Tpoo (T = T (8)

Radiative effect between the ambient and the shield is
accounted for in the energy balance of our model. The
radiative factor of heat exchanger is given by

where e, and e, are emissivities of the shield and ambi-
ent, respectively.

A well-known turbulent flow correlation for con-
vective heat transfer coefficient, as proposed by Flynn
[16], is employed in the modeling, i.e.,

In{Py, T} = 0.023Cpy{Py, Ty }GrRe; 2 { Py, Ty } Pry "

X {Ph,Th}(l+3-5Dci/Dhel), (10)
where Gy, = ni/A,. For the convective heat transfer co-
efficients of returning cold fluid (denoted by the sub-
script ¢) in the JT exchanger, the empirical correlation
suggested by Flynn [16] is used
h{P., T.} = 0.26Cp.{ P, T.} G.Re " {Pe, TYPr PP, T2},

(11)
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where G, = ri/A., and the above correlation is suitable
for the range of turbulent flow of 2 x 10° < Re <
3.2 x 10*. An equivalent hydraulic diameter (Dy.) is
used for calculating the Reynolds number.

It is noted that Eqgs. (2)—(11) are all dependent on P
and T of working gas along each section of the ex-
changer. Owing to the coupled nature of differential
equations on the properties of the working gas, namely
Argon, the following section is devoted to describing
how the salient properties of Argon vary during de-
pressurization through the exchanger.

2.4. Thermo-physical properties of Argon

In this section, a brief description of the correlations,
used to obtain the thermo-physical properties of Argon,
will be discussed. The relationship for computing P as a
function 7 and p is based on the modified Benedict—
Webb-Rubin (MBWR) equation of state which has 32
coefficients [17]. This equation provides the versatility
and adaptability for physical property simulation of
Argon, and it employs the multi-property fitting tech-
nique where deviations from the experimental data (PVT
surface and density) are minimized. Hence, the advan-
tages of MBWR are its accurate representation of PI'T
surface and convenience in correlating real experimental
data of different sources. For the sake of completeness,
we present the algebraic equations for four salient
properties used in our computer program, namely the
density, specific heat, viscosity and thermal conductivity.

The equation of state, expressed here in terms of P in
the mathematical form of the MBWR, is given as follows:

P = pRT + p*(GiT + GoT'? + G + G4 /T + Gs/T?)
+ 0’ (GeT + G1 + Gs/T + Go/ T?)
+p*(G1oT + Gy + Gio/T) + p°Gis
*(Gua/T + Gis/T?) + p"(Gis/T)
$(Gi/T + Gis/T?) + p° (Gro/T?)
+ﬂ3(G20/T + Gy /T? (V )
5(Gzz/TerGz_z/T4 ex (VPZ)
(G /T? + Gos/T?) exp (yp°)
( (v0?)
2

eXp

\_/\_/\_/v

?(Gas/T? + G /T*) exp (7
+ p"(Gas /T + G /T?) exp (7p7)
13(G30/T2+G31/T + Gy/T )exp (Vﬂ2)7 (12)

where the non-linear coefficient y = —1/p2 is assumed
constant, G; are linear coefficients and their values are
available from Refs. [17,18]. Given an inlet measurement
of P in the test facility, the corresponding density of
Argon at a local P and T can be determined by solving
the above-mentioned non-linear MBWR equation. Fig.
2 shows the variation of density at values of 7 from 90
to 300 K and P from 0.1 to 20 MPa. The collation of the
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Fig. 2. Variation of density of Argon.

density lines at high pressure (P > 6 MPa) and low
temperature (7 < 120 K) indicates that the Argon gas is
at the super-compressed state. At higher temperatures
(T > 180 K), the density of Argon decreases in a uni-
form manner. Significant change in density of Argon is
expected at conditions near its critical point region
(P = 4.862 MPa, T, = 150.73 K).

The specific heat of Argon is also a function of
temperature and density and it is given by

L)),

where C,{T, p} is the isochoric specific heat of the form
CAT.p} = (€T} — R)
p
-~ 2 (A2 2
/0 [T/p (@p/oT )pLdp, (14)

Co{T,p} = CAT,p} + , o (13)

where CS{T } is the specific heat of Argon in ideal gas
state, it can be calculated by

f:NT’4+N3u /(&1)2}, (15)

Co{T} =R

where u =No/T and N;,N,,N;,...,Ny are the coef-
ficients for the ideal behavior of Argon [17]. Fig. 3 shows
the P and T-dependency of the specific heat of Argon.
Close to its critical region, C, tends to rise sharply to-
wards a peak. This can be attributed to the non-suit-
ability of correlation for a narrow region around the
critical states [17].
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Fig. 3. Temperature and pressure-dependent specific heat of
Argon.

Similarly, the functional forms for viscosity and
thermal conductivity are

T, p} =0T} +m{T}o +nAT, p}, (16)
and
MT,pY = do{TY + 1 {Typ + 2 {T. p} + Aa{T, p}.  (17)

The first terms of Eqgs. (16) and (17) are the contribu-
tions of dilute gas. Their second terms represent the
contribution from transport coefficients of the moder-
ately dense gas and the third terms are the contribution
of dense gas behavior. The last term of thermal con-
ductivity accounts for the critical enhancement effect. It
is well established that the thermal conductivity coef-
ficient increases sharply in the regions close to the crit-
ical point. All coefficients of the above expressions are
given in Hanley’s work [18]. The profiles of viscosity and
thermal conductivity with respect to P and T are shown
in Figs. 4 and 5, and their trends are similar. A com-
parison of thermo-physical properties from the correla-
tions is compared with the tabulated data of
International Thermodynamic Table [19] shows good
agreement. The deviations in density, specific heat and
viscosity all are less than 0.3%, and those of thermal
conductivity are less than 0.5%, except a narrow tem-
perature and pressure range near the critical point.

2.5. Thermal conductivities of JT exchanger materials

Temperature-dependent thermal conductivities of
materials used in the fabrication of JT exchanger, such

3.0E-04
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Fig. 4. Temperature and pressure-dependent viscosity of
Argon.
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Fig. 5. Temperature and pressure-dependent thermal conduc-
tivity of Argon.

as copper (for the finned capillary), monel (for the
mandrel) and stainless steel or polycarbonate (for the
shield) are used in the simulation, and their relevant
correlations are summarized in Table 2 [20,21].

We solve the governing differential equations using a
finite-volume approach with judicious selection of grid
sizes so as to increase the speed of convergence of
solutions. A schematic of gas flows with the control-
volume is shown in Fig. 6. During iterations, the dy-
namic state thermo-physical properties of Argon are
updated according to the local values of P and 7. The
boundary conditions for the momentum and energy
equations (2), (4)—(8) are as follows:
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Table 2
Thermal conductivities of solid materials used in the JT cooler
Materials Correlations Errors
Copper (100 K < 7<300 K) Less than 1.5%

=

cu —

B { 0.002872% — 1.525T + 608

ko = 6.5169In T — 14.76
ke = 5.0353InT — 13.797
kpe =022 (40 K < T<400 K)

Monel alloy
Stainless steel
Polycarbonate

0.241372 — 47.775T + 2848
(40 K < T <400 K)
(40 K < T <400 K)

(60 K< T<100K)
Less than 1%
Less than 1

Control-volume

Thin g o M, Thout

TCAOHt — _I _! i — TC.in

-

Fig. 6. Model of a counter flow heat exchanger.

Cold end

Hot end

Atx=0, Tp=Thm d7%,/dx=0, d7,/dx=0,
d7,/dx =0, P =P,

Atx=1L, T.=Ty, dT,/dx=0, d7,/dx=0,
dT,, /dx = 0.

The assembled computer code invokes the IMSL rou-
tines, called DBVPFD. It is solved on a PC using a
Fortran compiler with typical CPU time of 20 min per
run. The number of iteration in such a run is about 500
iterations.

3. Experimental apparatus and procedures

Fig. 7 shows the overall arrangement of the JT cooler
testing facility with detailed locations of P and T sen-
sors. Argon gas of 99.9995% purity and 12-18 MPa is
tapped from a gas tank into a tabular conduct of 1.6 mm
diameter before entering the Hampson-type JT cooler.
Within the recuperative heat exchanger, the high
pressure Argon is expanded in the helical finned
capillary tube where JT effect is produced by the rapidly
expanding gas. At the end of the helical tube, Argon is
further expanded at the “jet-tube” at sonic speeds,
reaching the vapor-liquid states corresponding to its
local P and T. Arbitrary heating is supplied to the im-
pinging jet of Argon by an external DC heater which can
be controlled during experiment up to 4.5 W. The re-
cuperative action of the returning gas, which flows over
the outside surface of the helical tubes, further cools the
incoming high enthalpy gas and thus, amplifying the JT
coefficient of the Argon gas in its expansion process.

We measure the temperatures and pressures at two
ends of JT exchanger. Type K thermocouples that are
mineral-insulated stainless steel sheathed probes are
used for measuring temperature. The probe diameter is

0.5 mm. Thermocouples were calibrated with an accu-
racy of +1°C. Three pressure transducers with fully
signal conditioned and temperature compensated func-
tions are utilized to record the pressure, which were
calibrated with a relative accuracy of 1%. The mass flow
rate is also measured. Flow rate sensor is a micro-bridge
mass airflow with the linearity error of +3% reading,
and repeatability and hysteresis of £0.5% reading. An
experimental system comprising five major apparatus
was designed and set up, as shown in Fig. 8. The sensors
were connected to a HP 34970A data logger from which
experimental data can be automatically recorded.
The experimental procedures are briefly described as

follows:

(a) All components, units, systems and pipeline are

assembled according to the design layout shown in

Fig. 8, and check for zero leakage in all parts.

(b) Input the calibration data of sensors into the

control computer then download the pre-set up data

to the data logger. Conduct a self-testing of the

automatic record system, prior to scanning of data.

(c) Adjust the inlet supply pressure (P, ;,) to the de-

sired level using a gas regulator.

(d) The thermocouple at cold jet would record a

gradual reduction in temperature. When the varia-

tion of this temperature is less than +1 K, the JT

cooler is regarded as operating on steady state.

(e) Keep the steady-state process until all data have

been recorded by the data logger. Close the valve of

gas cylinder.

(f) Repeat steps (c)—(e), to obtain the assorted ex-

perimental data at pre-selected pressures.

4. Results and discussion

In a given test, the following measurements are
monitored for 180 s: Pyin, Thin, Pein, Tein, My and Tg oy
Table 3 tabulates the experimental results of five as-
sorted Argon gas inlet pressures, as well as a comparison
between the predicted and measured T, o. As evidenced
in the table, the relative errors are less than 0.3%. The
temperature and pressure-time traces for two values of
Pyin, namely, 17.912 and 14.047 MPa, are shown in Figs.
9 and 10, respectively. For a given steady-state condi-
tions, it is observed that the JT cooler has a rapid cold-



K.C. Ng et al. | International Journal of Heat and Mass Transfer 45 (2002) 609-618

Gas outlet ]
C—F

o

615

-

Chamber of

returning gas

Pressure
transducer

Hampson-type J-Tcooler

Fitting of pressure transducer\HZD:

Fittings of temperature sensors

Cooling power

[F

L1 ﬁ

/J

, Gas Inlet

<

#4 Temperature

%ﬁ sensor

Adiabatic shield
Expansion space

Temperature sensor

y

Heat transfer surface
of heating load

Temperature sensor

measuring unit

Flowrate
sensor

s N

Gas

J-T

cooler

Data testing
logger |7 facility

v
Control :

computer Powc?r

supplies

7 .
— Insulation
materials

Fig. 7. JT cooler testing facility.

Gas

filter regulator

Fig. 8. Schematic of experimental apparatus.

down rate at higher supply pressure, typically about
50 s. As observed in Figs. 9 and 10, the starting inlet
temperatures of the hot and cold streams are unequal
because the tests were not started from “cold” condi-
tions — meaning that there were tests made prior to these
steady-state runs. The minimum temperature achieved
at the cold end is around 96-110 K. Steady-state con-
ditions are achieved in less than a minute after the
commencement of gas flow for all tests. The time cut-off
was 3 min to save Argon. The measured temperature
and pressure uncertainties are +1.1 K and +1.5%, re-
spectively, and the uncertainty for flow rate is +3.4%.
To conduct numerical predictions, five boundary
conditions of the working fluid including inlet-tem-
peratures and inlet-pressures at two ends of counter-flow
heat exchanger and flow rate must be input into simu-
lating program. The temperature distributions and
pressure drop profile can be obtained by solving the set
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Table 3
Experimental data and simulation results of 7, oy
Ph.in Pc.in Mv Th,in Tc,in T;:,oul (K)
(MPa) (MPa) (SLPM) X X Experiment Simulation Relative error (%)
17.912 0.17272 13.927 291.49 110.36 282.57 282.85 0.0995
16.986 0.17460 13.102 291.40 110.42 283.73 282.90 -0.292
16.010 0.16362 11.943 292.25 109.90 284.77 284.07 —0.246
14.966 0.14713 10.948 292.14 109.28 284.90 284.19 —-0.248
14.047 0.13426 10.145 291.94 108.70 284.98 284.15 —-0.293

Pressure, MPa

80 \ \ \ \ \ -2

0 30 60 90 120 150 180
Time, sec

Fig. 9. Temperature and pressure-time history of the JT cooler
at Py, = 17.912 MPa. The external heating load is 17.83
W/cm?.

300 20
g, RTT——
260 - L 16
240 X Des003003003000300300300%0 L 14
220 | L 12 o
£200 | —¢—Tcin ¢ 10%
2 c0 | —=—Th,in g 5
& —4&— Tc,out é
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80 2
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Time, sec

Fig. 10. Temperature and pressure-time history of the JT
cooler at P,;, = 14.047 MPa. The external heating load is
17.83 W/cm?.

of governing equations outlined in Section 2. The
steady-state temperature distributions of incoming gas,
returning gas, finned capillary, mandrel and shield are
shown in Fig. 11 and 12 for two cases of incoming
pressure gas, P, = 17.912 and 14.047 MPa, re-
spectively.

Experimental verification of the simulation code is
conducted by measuring the temperature at the hot end
of JT exchanger. It is observed that there is good
agreement between predication results and experimental
data, and the change of inlet pressure of incoming gas has
insignificant effect on this temperature. This is attributed
to high effectiveness of JT exchanger and the attainment
of vapor liquid in the cold end of the JT cooler.

It is noted that although the externally supplied
power is 4.5 W, the net cooling power seen at the cold
end is only 3.5 W, due mainly to the heat losses along
the stem of the heater. This rate of cooling would cor-
respond to a cooling density of 18 W/cm” at cold end
temperature of 90-110 K. This amount of cooling den-
sity is twice of the present generation of commercial 1C
chips, such as high performance CPU, DRAM, etc. [23].

5. Conclusions

We have successfully modeled the miniature JT
cooler using a fully distributed simulation where the
thermo-fluids properties of the expanding gas, namely
Argon, are tracked, updated and solved along with the
governing equations. Our distributed modeling tech-
nique gives excellent agreement between the exper-
imental data and numerical computation. This is
because the model captures the main physics of the JT
effect of the expanding Argon.

The simulation code is validated by experiments on a
specially designed JT cooler of nominally 3.5 W cooling
capacity or about 18 W/cmz. The experimental and
predicted results are depicted on non-dimensional plots.
The lowest temperature of jet orifice was measured at 96
K whilst the cold-chamber temperature during steady
state achieved approximately 110 K. It is found that the
cooling density produced by the JT cooler is twice that
of the present heat release density of today’s IC chips.
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Fig. 12. Steady-state temperature and pressure profiles of the JT cooler at B,;, = 14.047 MPa, M, = 10.145 SLPM.

In addition to steady-state characteristics, the ex-
perimental results also show realistic initial pull down
behaviors and these information are useful for improv-
ing the design of JT mini-cooler.
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